The 400 000 km 2 -wide Fitzcarrald Arch constitutes a wide topographic high of the Amazon Basin against the central Andes. In order to constrain its formation mechanisms and in particular to test its relationships to the Nazca ridge subduction, a quantitative geomorphology analysis of the Arch is performed using hypsometric integrals, elongation and azimuths of 7 th -and 5 th -order catchments. They all express a trend from high maturity to low maturity from NW towards SE. This maturity gradient coupled with the local drainage direction demonstrate that the Fitzcarrald Arch is not a 'classical' alluvial fan, since its apex is located 100 km east to the Subandean Thrust Front and the corresponding sedimentary pile is lacking. Nor it the Arch the superficial expression of an inherited transfer zone, because its geomorphic shape is radial and it does not diverge from a symmetry axis; moreover, such a reactivated structure is not found at depth on seismic profiles. In addition, our data show that underlying geomorphic control on catchment initiation and development has progressed from NW to SE, which in combination with the observation of crustal doming by Espurt et al. (2007) suggests that this relief is caused by the eastward sliding of the buoyant Nazca ridge beneath the South American lithosphere.
Introduction
45 46 Espurt et al., 2007) . The flat slab segment is illustrated by isodepth contours of Wadati-Benioff zone (Gutscher et al., 1999) , and plate convergence vector is from NUVEL1A plate kinematics model (DeMets et al., 1990) . NAFB: northern Amazonian foreland basin; SAFB: southern Amazonian foreland basin Black line: present-day reconstruction of the subducted part of the Nazca Ridge (Hampel, 2002) . The ridge reconstruction at 11.2 Ma is shown (white line, Hampel, 2002) . Aalto et al. (2003) in the SAFB and Roddaz et al. (2005a) as the Iquitos Arch in the NAFB.
Figure 1. Geodynamic setting of the Peruvian Andes and its associated Amazonian foreland basin (taken from

The easternmost edge of the Nazca Ridge is not involved in the flat slab; it is brought by the sinking slab: its projection at surface may differ from the reconstruction represented by the dotted line. The rectangle indicates the study area covered by next figures. The forebulge is located after the works of
Ridge subduction is currently actively debated in terms of geodynamics and superficial tectonics above the subduction zone. In the recent past, the western South American margin was regarded as a key place to investigate the effect of ridge subduction on hal-00343391, version 1 -1 Dec 2008
Figure 2. Shuttle Radar Topography Mission (SRTM) Digital Elevation Model (DEM) of the Fitzcarrald Arch, with main rivers and smoothed elevation contours between 100 and 1000 masl. The Fitzcarrald Arch develops east of the Subandean Thrust Front (STF) and south of the Moa Divisor range, where some young thrusts are cutting through the cover. A-A' and B-B' are the topographic cross-section locations (Fig. 4) and C-C' is the seismic section (Fig. 5).
The Fitzcarrald Arch constitutes a major geomorphic feature spreading more than 400 000 km 2 in the Amazon basin, extending from southern Peru to western Brazil ( Fig. 1 ) (Church, 1901; Espurt et al., 2007) . It lies east of the Subandean Thrust Front and south of the
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Moa Divisor Range (Latrubesse and Rancy, 2000) , where no thrust deformation occurs; the Arch separates the foredeeps of the northern and southern Amazonian foreland basins ( Fig. 1 ) Roddaz et al., 2005a) . To the east it is bounded by the subsiding eastern Amazon basin (Kronberg et al., 1998) . This 400 to 600 m-elevated relief dominates the foreland basins lying at ~120 m asl (meters above sea level) and ~150 m asl, and behaves as an ecological boundary with different genetic evolution to the north than to the south (Daly and Mitchell, 2000) . The arch has a dome-like morphology with radial drainage network, originating at a point close to main Andean river catchment outlets, i.e., at the break in slope separating the steep Andean slope from the very gentle slopes of the Amazon Basin, which argues for simple mega-fan geometry (Figs. 2, 3) . The fan sediment would have been supplied by the Andean tributaries of the Ucayali (flowing northward towards Marañon and Amazon rivers) and
Madre de Dios rivers (flowing eastward towards Beni River in Bolivia) (Fig. 2 ). In addition, these observations are strongly supported by the Pliocene and Pleistocene fluvial deposits that cover the Fitzcarrald Arch (Espurt et al., 2007) . Megafans are found elsewhere near the Subandean zone, for example in Ecuador (Christophoul et al., 2002) . In particular, in Bolivia, modern and ancient megafans led Horton and DeCelles (2001) to the conclusions that they are deposited through frequent avulsions, reaching sizes of about 10 4 km 2 . One implication important for the present work is that the top surface of a megafan is quasi-isochronous; hence all the catchments over the megafan surface must develop at the same time after the end of megafan building. In the study of Horton and DeCelles (2001) the megafan corresponding to the Camargo formation is about 2 km thick.
Recently, some authors have proposed alternative hypotheses for the Fitzcarrald Arch formation. Analysis of Subandean basin geometries and subsidence histories all over South America leads Jacques (2003) to the conclusion that the Subandean basins behave more or less independently. These basins would have been separated by lithospheric fault zones (transfer zones), probably inherited from old structures affecting the overall lithosphere, and crossing the entire South America continent (Jacques, 2003; Carlotto et al., 2007) . The transfer zones would correspond to ancient strike slip fault zones and are divided into two groups whose respective orientations are NW-SE and ENE-WSW. The Fitzcarrald Arch would then be the surface expression of one of these transfer zones: the ENE-trending PiscoAbancay-Fitzcarrald lineament (Jacques, 2003) (Fig. 3 ). Another hypothesis comes from geodynamics. Currently, the Nazca plate ( Fig. 1 ) is subducting underneath South America at a velocity of 7.7 cm/yr in a direction N78°E at 15°S (DeMets et al., 1990) (Fig. 1) . It brings an oceanic ridge, the 1500m-high, up to 200 km-wide Nazca ridge (Woods and Okal, 1994) , whose buoyancy is thought to be the cause of the flat slab subduction beneath central Peru (Gutscher et al., 2000) . At surface, flat slab subduction is usually characterized by a lack of active volcanism and by active, distributed deformation of the overriding plate far from the trench, up to several hundreds of kilometres in land (Gutscher et al., 2000; Gutscher, 2002) . The ridge must have originated at the Pacific-Nazca spreading centre, allowing Hampel (2002) to reconstruct the shape and position of the subducted part of the ridge on the basis of its remaining symmetrical part on the Pacific Plate, which is the Tuamotu plateau (Fig. 1) . Interestingly, the ridge is N42°E-trending, oblique with respect to the plate convergence. It results in a south-eastward migration of the ridge subduction point along the Peruvian coast. The ridge first entered the trench ~11.2 Ma ago at 11°S; this entrance point is now located at 15°S (Hampel, 2002) (Fig. 1) . These results led Dumont (1996) to hypothesize a link between flat subduction and the Fitzcarrald Arch. Espurt (2007) , using morphologic evidence and subsurface data coupled with Hampel's (2002) reconstruction, show that the flat subduction zone as well as the Nazca ridge reconstruction fully coincide with the Fitzcarrald Arch location (Fig. 1) 
Geological and geomorphological setting
The Fitzcarrald Arch is characterized by a radial, but asymetrical, drainage network ( Fig. 2) , leading to the three Amazonian basins indicated above. It has an asymmetrical shape; its south eastern flank dips gently at 0.1° whereas its northwestern slope is hillier and its dip reaches 0.3° (Fig. 4) . From the Subandean Thrust Front to the Amazon basin, in a SW-NE direction its dip progressively falls from 0.12° to 0.02° ( Fig. 4 (B-B') to the Subandean Thrust Front (see Fig. 2 for location). The regional slopes are indicated.
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The Arch is constituted at depth by a discontinuous sedimentary sequence from early Palaeozoic to Pleistocene age. Seismic reflection profiles indicate many pre-Cretaceous tectonic structures sealed by Cretaceous strata. Neogene strata overlie Cretaceous deposits and are currently exposed and eroded. The outcrops are organised from older in the northwestern centre of the Arch to younger at the edges of the Arch (Espurt et al., submitted) . The oldest formations outcropping are middle to late Miocene sediments indicating fluvial to tideinfluenced environments, as described in several parts of the Amazonian foreland basin (Räsänen et al., 1995; Gingras et al., 2002; Hovikoski et al., 2005; Rebata et al., 2006; Roddaz et al., 2006; Hovikoski et al., 2007; e.g., Espurt et al., submitted) . These tidal deposits show that this part of the Amazonian foreland basin was a subsiding foredeep during the late Another important geological feature of the Amazon Basin is the presence of the forebulge. It corresponds to an elastic rebound due to the elastic flexure of the Andes over the South America plate. It must be responsible for vertical displacements up to 100 meters. It has been invoked for the Iquitos Arch north of our study area, on the basis of sedimentation history, geomorphology and gravity data (Roddaz et al., 2005b) or in the Beni-Madre de Dios basin to the south, testified by a river gradient change (Aalto et al., 2003) or simply highlighted by structural and geomorphic cross-sections (Baby et al., 1999; Roddaz et al., 2006) . The forebulge has been traced up to southern Bolivia (Horton and DeCelles, 1997) .
The time evolution of the behaviour of a forebulge is difficult to assess because it may have changed both in terms of magnitude and position when subduction velocity, Andes topography or foreland basin filling varied (see Garcia-Castellanos, 2002; see Catuneanu, 2004) . We studied the entire Fitzcarrald highlands, which lie between latitudes 6°S and 13°S and longitudes 67°W and 75°W (Fig. 3) . We used the free Shuttle Radar Topography Mission (SRTM) Digital Elevation Model (DEM), with a pixel size of 90 m and an absolute vertical accuracy better than 10 m (Farr et al., 2007) . Actually, recently published data indicates that the Amazonian forest canopy must offset the signal for about 20 m, as the sensor "sees" the tree tops rather than the earth surface itself (Berry et al., 2007) (cf. Appendix A).
Data were processed with TAS freeware (Terrain Analysis System; Lindsay, 2005) .
River networks were extracted and classified according to Strahler's method (1952) . A total of 2207 5 th -order and 90 7 th -order catchments were extracted. The 5 th -order ones represent a "local" signal (at the Amazon Basin scale; they cover 134 km 2 on average), whereas the 7 thorder ones represent the major catchment scale (3660 km 2 on average). Moreover 5 th -order and 7 th -order catchments allow one to distinguish between two kinds of catchments: the 7 thorder ones correspond to the main river drainage areas, whereas 5 th -order ones correspond to their tributaries. For these catchments the following values are calculated: hypsometric integral, surface, elongation and azimuth. They will allow recognition of the relative maturity of the catchments and river networks. Indeed we assume that when the Arch relief began to form, the river network (and consequently catchment's design) progressively appeared following river erosion. After appearance, internal rearrangements changed the initial morphology that allows us to discriminate young catchments/networks from older or more mature ones. Defining the main trends in the maturity indicators is the aim of this study.
The hypsometry is the distribution of elevations in a catchment. The hypsometric curve is its distribution function; after being standardized by scaling elevation and area by the maximum values it can be integrated to obtain the hypsometric normalised integral (H), given in percent (Strahler, 1952) . Hypsometry has classically been used in fluvial landscapes to hal-00343391, version 1 -1 Dec 2008
differentiate erosional landforms at progressive stages in their evolution (Strahler, 1952; Schumm, 1956) : the lower H is, the more mature is the network (i.e., the older it is). Later works have indicated that the H-value may be equivocal. In particular, it has been shown to be dependant on climate, lithology, tectonics, catchment area or sediment transport parameters (Lifton and Chase, 1992; Willgoose and Hancock, 1998; Hurtrez et al., 1999b; Chen et al., 2003; e.g., Brocklehurst and Whipple, 2004) . The study area is homogeneous in terms of climate and sediment transport, there are few lithological variations and tectonics are absent except in the Moa Divisor in the northern part. The catchments we compare have the same
Strahler order that prevents any inference from variations in catchment areas. All this allows the use of the hypsometric integral in estimating the relative maturity of the catchments.
However, such an indicator is of moderate confidence: that is why its distribution over the study area will be discussed together with the elongation parameter for two catchment sizes. In the densely forested study area, hypsometry may exhibit some other errors due either to canopy effect or sedimentation zones. First, canopy affects hypsometry as it offsets the apparent elevation by about 20 m (Berry et al., 2007) . The offset of an entire catchment has no effect on its hypsometric integral. In turn, the offset of a forest catchment leading to a major river whose elevation is not offset because it is not forested, can affect significantly the (Figs. 2, 6 ). This allows us to consider that this effect is of minor influence in the study area.
One can note that outside our study area, the Amazon Basin displays catchments with very low relief and with areas where deposition occurs, like the northern and southern Amazonian foreland basins (Fig. 1) ; hence studying hypsometry there would suffer much more uncertainties.
Elongation (E) is the ratio between the diameter of a circle with a surface equal to that of the catchment (S, in km 2 ) and catchment length (L): Schumm, 1956; Selby, 1985) . E-values range between 0 and 1. For circular catchments, E~1, for highly elongated catchments, E<<1. E is close to the number known as the aspect ratio by some authors, which is defined as the ratio between the short and long axis of the catchment (Hurtrez et al., 1999a) . This value has two interpretations. First, in active mountain belts, it has been recognised as representative of the slope, and linked to the catchment spacing (Hovius, 1996; Hurtrez et al., 1999a) . This definition appears related to still developing drainage networks. On the contrary, for developed networks, the tendency is that various processes, like stream capture, increase catchment width and hence E tends to increase (Hancock and Willgoose, 2001) . Low E-values indicate catchments of high relief due to structural or other controls (e.g., Suresh, 2000; e.g., Solyom and Tucker, 2007) . After Willemin and Knuepfer (1994) , high E indicates the "relative dominance of erosion and processes of catchment integration over uplift". In other words, mature catchments have high E, immature catchments have low E. It can be calculated for solely catchments but a local average azimuth Al has been calculated which corresponds to averaging the 5 th -order catchment azimuths over 80 km x 80 km square cells.
The Fitzcarrald Arch is ideally located for this analysis since the different parts of the Amazon Basin to the north, east, and south lie at low elevations of the order of 100 to 200 m (Fig. 2) . Consequently, none of the properties we look at are affected by spatial variations of the base level. In the following, data are presented on maps, and discussion focuses on the Arch's spatial organisation regarding each specific property. boundaries (more than 50%, up to 65%, Fig. 6a ).
Results
Hypsometry
Because of their size, 7 th -order catchments are not greatly affected by the errors that could alter the hypsometric signal. On the contrary, the 5 th -order catchments could be affected by such errors. Consequently, In spite of a greater spatial accuracy, 5 th -order catchments hypsometric integral H map is less informative than expected (Fig. 6b) . Nevertheless it shows the same pattern than the 7 th -order catchments H map (Fig. 6a) . Moderate hypsometric integrals characterize the centre of the Arch. Areas of lower values characterize the northwestern part of the Arch, in the Moa Divisor and to the south, nearby the Subandean front (Fig. 6b) . Higher values lie to the NE and to the SE. Basin (Fig. 7) . th -order catchment azimuths are shown in the Fig. 8 . This figure is roughly organized in two parts, east and west of meridian 72°W (Fig. 8) . West of this meridian and near the Subandean zone to the south, no obvious catchment organization is recognised. On the contrary the eastern part is radially organised: the azimuths vary clockwise from N0°E to the north to N130°E to the south-east. In the latter, exceptions are found in the north-easternmost part where catchments trend ~N100°E. Note that, catchment azimuth seems more informative when catchments are highly elongated (low E-values (Fig. 9) . The Arch network appears to radiate from a major 'focal' point; small disturbances seem to be due to three minor 'focal' points. The major 'focal' point is situated at 10.5°S and 72.5°W (denoted by a star in Fig. 9 ) and may explain the first-order drainage pattern of the Arch. It corresponds to the centre of the radial drainage organisation highlighted in Fig. 8 . Superimposed to this large scheme whose wavelength is about 500 km, three second-order 'focal points' or drainage centres (wavelength ~100 km) cause local divergences. Two of them have been previously noticed as particular zones: the Moa Divisor to the north-west, and the Abancay area in the Subandean zone; this last one being discussed even if not really located within the Arch because it disturbs the Arch's drainage organisation (Figs. 6, 7, 9) . The third second-order 'focal' point, the Altos de Acre, where catchments diverge towards the Jurua and Purus/Chandlees rivers, is the place we previously noticed as being disturbed from the overall Arch organisation (Figs. 8, 9 ).
Elongations
Discussion
Both elongations and hypsometric integrals for 5 th -order and 7 th -order catchments show a relief maturity decrease from north-west at Moa Divisor to the south-east near the Aalto et al. (2003) , to the northeast after Roddaz et al. (2005a) and Dumont et al. (1991) . cause is unclear; it could be an expression of the forebulge which was found at the Iquitos Arch more to the north (Roddaz et al., 2005b) or in the Madre de Dios basin to the south (Aalto et al., 2003; Roddaz et al., 2006) . The Altos de Acre is interestingly located in between and we speculate it could be the subtle topographic expression of the forebulge. It is difficult to go further in terms of explanation as the forebulge could have moved with the rise of the Arch and also because the dip of the subduction is likely to have changed the dynamic topography (here also with little constraints on the location and magnitude of the phenomenon, e.g., Dávila and Lithgow-Bertelloni, 2008 ).
The Moa Divisor displays the lowest hypsometric integrals and particularly high Evalues, both for 5 th -and 7 th -order catchments. Thus, it appears to be an important relief, older than the other parts of the Arch. Regarding the drainage directions, clearly differing from the Fitzcarrald Arch, it apparently evolved independently. This is probably due to the thrust activity underneath (Mégard, 1984) as shown by seismic profiles in its northern edge Hermoza et al., 2006) . The Subandean zone catchments have low hypsometric integrals: lower than 45% and 35% for the 5 th -and 7 th -order ones, respectively; and they are not significantly elongated (Evalues around 0.6). Moreover and contrary to that expected, the Subandean Thrust Front does not significantly affect the Fitzcarrald Arch drainage organisation. This argues for little recent relief development. This does not support the particular role ascribed by some authors to the intriguing Abancay structure in actual drainage pattern and evolution (Marocco, 1978) . On the contrary, our observation confirms the conclusions of others Roperch et al., 2006; Carlotto et al., 2007) , which indicate that this structure exhibits no or little activity in recent times (since the Miocene).
The most important result of our study is the clear progression from old to young catchments from north-west to south-east, with a Subandean zone not significantly generating relief. It is difficult to date the initiation of these catchments and their relief; and the results presented here are valuable as they lead at least to a relative chronology for the catchments.
Interestingly, this migration of the relief generation location is similar to the reconstruction by Hampel (2002) , implying a sliding from NW to SE of the Nazca ridge under the South American plate. Meanwhile, our observations do not agree with the possibility of an alluvial fan. First, the Fitzcarrald main drainage network centre is not located at a major catchment outlet like it should be if it corresponded to a fan but is relatively far from the Andean catchment outlets in the Amazon Basin. And a third argument against the fan is provided by the seismic lines ( The Fitzcarrald Arch formation is not more likely the result of any motion along the Pisco-Abancay-Fitzcarrald lineament, which would imply an anticline structure elongated in a NE-SW direction, different from our radial structure (Fig. 3) . Moreover, no reactivated structure under the expected transfer zone can be seen on seismic profiles (Fig. 4) (Espurt, 2007) . Thus, our study results favour the scenario of initial subduction and sliding of the Nazca Ridge from WNW to ESE pushing up the South American lithosphere, originating the Arch's dome-like structure.
This hypothesis of surface uplift due to the sliding of the Nazca Ridge beneath the South America lithosphere is moreover supported by other observations. First, the underlying subducted Nazca Ridge length should increase when sliding from north-west to south-east since 5 My (Hampel, 2002) . Consequently, its effect was initially slight and increased to the present, and the northern catchments became progressively enlarged: it may also be responsible for the intermediate maturity catchments found in the centre and the north of the Fitzcarrald Arch. Second, as shown by Espurt et al. (2007) , the lithologic formations do not show important thickness variations, and the relief appears more likely related to a crustal doming, incompatible with a crustal thickening, than due to huge sediment supply necessary for fan building. Subsurface data presented by Espurt et al. (2007) show that the Fitzcarrald beneath the South American plate seems to have reactivated N-trending thrusts, whereas oblique, NE-trending structures are still sealed by Cretaceous strata (Espurt et al., 2007) . The
Moa Divisor structure may be interpreted as the Peruvian equivalent of the thick-skinned thrusts of the Sierras Pampeanas above the Central Chile/NW Argentina flat slab (Jordan et al., 1983) . Further research should investigate the relationships between a Fitzcarrald Arch-like structure and these basins.
Conclusions
The Fitzcarrald Arch constitutes a wide relief within the Amazon Basin, located nearby the central Andes. We produced a quantitative study of the drainage catchments located in the area, exploring hypsometry, elongation and azimuth directions of both Strahler 5 th -and 7 th -order catchments. The data clearly indicate a general decrease in the catchment maturity from north-west to south-east, interpreted as evidence for lower ages for catchments and river networks becoming established to the south-east. Second order features are also highlighted: the Moa Divisor being a young thrust, the Subandean Zone slightly affecting the Amazonian lowlands relief, and the Altos de Acre being related to the forebulge of the Amazonian foreland basin.
The Fitzcarrald arch cannot represent one of the widest alluvial fans in the world, since its apex is badly located (100 km east to the Subandean Thrust Front) and since the corresponding sedimentary pile is lacking. Nor can it be the superficial expression of an inherited transfer zone since its geomorphic organization is radial and does not diverge from an axis; in addition such a reactivated structure is not found at depth in seismic profiles.
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Conversely, our data show the underlying geomorphic control has progressed from NW to SE, which with the observation of crustal doming by Espurt et al. (2007) suggest that this relief is caused by the eastward sliding of the buoyant Nazca ridge segment under the South American lithosphere. Consequently, the recent uplift of the Fitzcarrald Arch is younger than 1) the uplift of the Moa Divisor range related to Andean compression, and 2) the development of the late Miocene Iquitos forebulge linked to the elastic component of the South America plate (Roddaz et al., 2005a) . If this explanation is correct, the Fitzcarrald Arch is an impressive example of relief development with neither shortening nor any active tectonics being expressed. Arch show NE-trending Palaeozoic structures incorporated in the regional bulge. These structures are non-reactivated and sealed by Cretaceous strata (Espurt et al., 2007) . We suggest that the absence of tectonic activity in the Fitzcarrald Arch area may result from the incompatibility of the NE-trending structure with reactivation. A first order canopy effect is that corresponding to a drop of ~20 m at the catchment outlet. In terms of hypsometry its effects can be evaluated by removing a strip equivalent to ~20 m in the bottom of hypsometry (Fig. A) . Hence the corrected hypsometric integral is I' in percent, catchment relief R in meters and canopy effect C in meters. -order catchments n# 124 to 139. Catchment hypsometric integrals H evaluated from SRTM are in grey. Catchments n# 134 and 138 which display a step at their bottom (original relief ~85m) have been corrected for canopy, in black. Most of the catchments have an apparent hypsometric integral ranging from 42 to 51%; three have low integral of 20 to 30%; and the two with a step are about 59%, but this value decreases to 46% when corrected for canopy, thus corresponding to the main trend.
Espurt, N., Baby, P., Brusset, S., Roddaz, M., Hermoza, W., Regard, V., Antoine, P.O., SalasGismondi, R., Bolaños, R., 2007. How does the Nazca Ridge subduction influence the modern Amazonian foreland basin? Geology, 35, 515-518 .   555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590  591  592  593  594  595  596  597  598  599  600  601  602 
